Abstract A new electron density profile reconstruction procedure based on the PARK-matrix method has been firstly exploited for the multi-chord formic acid (HCOOH, λ=432.5 µm) laser interferometry system on the HL-2A tokamak. According to the geometric coordinates of the magnetic surfaces reconstructed by the CF (current fitting) code and the assumption that the electron density between two adjacent magnetic surfaces is a constant, the local electron density is calculated layer by layer, and the electron density profile ne(Z) can be determined, as well as the density profile ne(R). The simulation result indicates that the error of the PARK-matrix method is acceptable for the four-chord HCOOH laser interferometer. In the applications, it shows that the reconstructed electron density profile agrees well with the microwave reflectometry measurement, and the sawtooth reversion radius is consistent with that deduced from the soft X-ray signals. Meanwhile, the electron density profiles with electron cyclotron resonance heating (ECRH) and supersonic molecular beam injection (SMBI) are also reconstructed and analyzed.
Introduction
Precise determination of the electron density profile n e (R) is crucial for active control of the plasma operation and complete understanding of the plasma physics in the magnetically confined fusion devices. Several routine diagnostics, such as Thomson scattering (TS) [1] , microwave reflectometer [2] and far-infrared (FIR) laser interferometer [3] , have been widely developed on many devices.
Thomson scattering measures the local electron density through detecting the scattering spectrum of the probing laser, but the time resolution is generally limited by the pulse frequency. The microwave reflectometer, which is based on the cutoff layer of the microwave propagating in the plasma, achieves the distribution of the electron density in the outer region of plasma. The FIR laser interferometer, which is usually arranged by multichord layout, provides the line-integrated electron density (n e L) with a high time resolution, but, in order to obtain the distribution of the electron density, some post-processing procedures are required. Among them, the so-called PARK-matrix method [4, 5] , which is famous for its simplicity and good accuracy, has been widely used to reconstruct the electron density profile in the interferometry systems.
HL-2A is a medium-sized tokamak with a major radius R=1.65 m and a minor radius a=0.4 m. It can be operated in limiter or single divertor configuration with maximum plasma current I p =450 kA, toroidal magnetic field B t =1.2-2.7 T, and line-averaged electron densityn e = (1.0 − 5.0) × 10 13 /cm 3 [6] . In order to achieve a high time resolution (1.0 µs), which is helpful for the electron density fluctuation research, a four-chord, Michelson-type, formic acid (HCOOH, λ=432.5 µm) laser interferometer has been successfully developed on HL-2A, by utilizing the dual-laser heterodyne technique [7−9] . The system is able to steadily provide the line-integrated electron densities located at (Z=−3.5 cm, −10.5 cm, −17.5 cm, −24.5 cm), where Z is the distance relative to the plasma mid-plane. Then, the electron density profiles are reconstructed by the magnetic surface based PARKmatrix procedure.
In this paper, section 2 introduces the four-chord HCOOH laser interferometer on HL-2A; section 3 briefly describes the principle of the simplified PARKmatrix method and its accuracy test for different probing chords; section 4 explains the criteria used to determine the path-length matrix (L); section 5 represents the application results, and a summary is given in section 6. * supported by the National Magnetic Confinement Fusion Science Program of China (No. 2014GB109001), and National Natural Science Foundation of China (Nos. 11505053 and 11275059) 2 Four-chord HCOOH laser interferometer on HL-2A Fig.1 The schematic drawing of the four-chord HCOOH laser interferometer on HL-2A Fig. 1 shows the schematic drawing of the newly developed four-chord HCOOH laser interferometer on HL-2A, and more details can be found in another paper [8] . The whole optical design of the system is based on the Gaussian beam propagation and lens transformation theory. To realize the heterodyne detection, two linearly polarized HCOOH waves (f 1 , o by a half-wave plate, combines with the second laser beam f 2 at the wiregrid 1#, which allows the beam f 1 to be transmitted and the beam f 2 to be reflected in the maximum intensity, respectively. Then, the two linearly polarized, orthogonally, collinear beams (f 1 , f 2 ) propagate to the interferometric tower via the glass waveguide. Next, the combined beams (f 1 , f 2 ) are divided into two branches (A, B) by a metallic mesh-grid (BS1). The reflected component propagates through the second mesh-grid (BS2), and then it is subdivided into two parts (B 1 , B 2 ). The transmitted part B 1 is received by the Schottky diode detector (Detector-R), generating the reference beat signal (R) of the interferometer. The reflected part B 2 orderly goes through the optical-module (M), which is made up of a half-wave plate and a polarizer, and remains only the beam f 2 to serve as the local oscillation wave (LO). Returning to the transmitted beam A, it traverses the polarizer 1# to remain only the beam f 1 . For convenience, only one of four probing beams is given in Fig. 1 . The probing beam f1 doubly passes through the plasma by taking advantage of the in-vessel concave mirrors, and then combines with the LO beam f 2 at the mesh-grid (BS4). The combined beams are received by the Detector-P, generating the probing beat signal (P). Finally, the line-integrated electron density is derived from the phase difference between the beat signals P and R. In fact, the FIR laser interferometer is sensitive to the vibration, but we do not consider it for the present HCOOH laser interferometer because of the low discharge parameters in recent HL-2A experimental campaigns. In the future, the two-color FIR laser interferometer might be taken into account when the discharge parameters go up.
Principle of the PARK-matrix method
The principle of the PARK-matrix method has been mentioned somewhere [4, 5] . Considering the special configuration of the HCOOH laser interferometer, whose probing chords are horizontally arranged below the plasma mid-plane, the conventional PARK-matrix method can be simplified here. It means that we just need to reconstruct the local electron densities n e (Z) in half of the plasma, without encountering the density deviation problem at the plasma center when calculating from the two counter sides. Finally, n e (Z) can be further transformed into n e (R), based on the detailed path-length along the major radius R and the assumption that the electron density between two adjacent magnetic surfaces is a constant. 
In above equations, m is the number of magnetic flux surfaces.
The electron density n e (1) in the outermost layer is directly calculated through dividing the first line density n e L1 by the path-length L (1, m) . Then, the second electron density n e (2) can be calculated in a similar manner. The contribution of the outermost layer is firstly subtracted from the n e L2 using the product of n e (1) and path-lengths [L (1, m−1), L(1, m+1) ], and then the rested value is divided by the corresponding path-length L(2, m−1) to deduce the local electron density n e (2). This process is repeated, calculating inward, until the innermost n e (m) is achieved. Fig. 3 tests the accuracy of the PARK-matrix method using the circular magnetic surfaces and the standard density function n e (r) = 5 × 10 13 (1 − r 2 ), where, r is the normalized radius. Fig. 3(a) indicates that the reconstructed density profile by the PARKmatrix method agrees well with the tested profile, and their error is given in Fig. 3(b) with a root-meansquare-error (RMSE) ∼ 2.5 × 10 10 /cm 3 .
Fig.3 Accuracy test of the PARK-matrix method
Considering the limited number of the probing chords for the HCOOH laser interferometer on HL-2A, it is necessary for us to quantitatively analyze the reconstruction error of the PARK-matrix method for different interferometric chords. Firstly, according to the tested density profile n e (r) = 5 × 10 13 (1 − r 2 ) which is marked by the dash line in Fig. 4(a2) and (b2), the line-integrated density profile n e L(r) can be obtained through the integral calculation, and is marked by the dash line in Fig. 4(a1) and (b1) . Then, the PARKmatrix procedure is run to reconstruct the density profile with 8 and 4 probing chords, respectively. For better data fitting, the additional value n e L ege =0 and the symmetric data are utilized in Fig. 4(a1) and (b1) , which means that there are 18 and 10 integrated values used to fit the line density profile n e L'(r) by the least-squares method with the maximum fitting degree. But in the practical PARK-matrix reconstruction, just half of n e L'(r) in Fig. 4(a1) and (b1) is utilized. In the first case, the 8 interferometric chords are evenly distributed at the radius: r/a=0.1, 0.21, 0.32, 0.43, 0.54, 0.65, 0.77, 0.88, and the deviation between n e L'(r) and n e L(r) is difficult to be distinguished in Fig. 4(a1) . The circle-solid line in Fig. 4(a2) represents the reconstructed density profile n e (r) from n e L'(r). It is obvious that the n e (r) agrees well with the n e (r) with a RSME∼ 0.6 × 10 11 /cm 3 . Fig. 4 (a3) provides the error which is calculated by [n e (r) − n e (r)]. In the second case, the positions of the 4 interferometric chords are selected to be the same as the HCOOH laser interferometer (r/a=0.09, 0.26, 0.44, 0.61). Fig. 4(b1) also shows a good agreement between n e L'(r) and n e L(r). Fig. 4(b2) reconstructs the corresponding n e (r) which is marked by the square-solid line. In Fig. 4(b3) , the error between n e (r) and n e (r) seems to be larger than that shown in Fig. 4(a3) in the outer region, but the RSME∼ 1.5 × 10 11 /cm 3 is still acceptable for us. The current fitting (CF) code [10] , similar to the traditional equilibrium fitting (EFIT) code [11, 12] , has been widely used on HL-2A to reconstruct the plasma parameters under a mesh grid (80×116), covering the geometric area of [R: 1.176-2.124 m, Z: −0.9-0.48 m]. From the geometric coordinates of the closed magnetic surfaces, the path-length matrix L can be determined by the criteria:
a. Choice of the closed magnetic surface number (m), which decides the spacing (∆) of the magnetic surfaces and the configuration of the path-length matrix L. In practice, ∆ <1.0 cm is thought to be sufficient in the PARK-matrix method. Finally, m=80 (∆ ∼0.5 cm) is selected in our procedure.
b. Dense interpolation of the geometric coordinates of each closed magnetic surface. As mentioned above, the magnetic surfaces are provided by the CF code under a mesh grid of (80×116), which makes the geometric coordinates (R, Z) be too sparse to calculate the path-length correctly in the next step. Fig. 5 shows the lower part of the magnetic surfaces after a linearinterpolation with a spacing of 0.01 mm along the axis-R. . . , (Zm−1+Zm)/2, (Zm+Zaxis)/2] is generated. Then, based on the data series Q, 80 straight lines can be drawn in Fig. 5 (marked by the dash lines). Next, a large number of cross points between the straight lines and the closed magnetic surfaces will be produced, and they are marked by black stars in Fig. 5 . Finally, each pathlength L(i, j) can be accurately calculated from the coordinate-R of the cross points one by one. For better observation, the subfigure in Fig. 4 shows the zoomed sample.
Application in the HL-2A experimental campaign
Based on the principle of the PARK-matrix method and the criteria described in section 4, a new procedure has been successfully exploited for the HCOOH laser interferometry system to reconstruct the electron density profile. Fig. 6 gives the work-flow diagram of the PARK-matrix procedure. Firstly, 80 slices of closed magnetic surfaces at the appointed time (t1) are quickly reconstructed by the CF code. Then, the path-length matrix L is derived, as well as the coordinates of axis-R of each magnetic surface. On the other side, the least-square method is used to fit the line density profile n e L(Z) from the interferometry measurements (n e L1, 2, 3, 4) and the edge condition n e L edge =0. Then, the local density n e (Z) can be reconstructed layer by layer. Finally, based on the detailed path-length along the axis-R and the assumption that the electron density between two adjacent magnetic surfaces is a constant, the electron density profile n e (Z) can be further transformed into n e (R). Fig. 7(a) , respectively. It is obvious that the HCOOH laser interferometer is quite sensitive to the sawtooth activity: the centre chord (Z=−3.5 cm) shows a fast drop when the sawtooth crashes, but another two chords (Z=−10.5 cm, −17.5 cm) show counter increase, and the outermost chord (Z=−24.5 cm) seems insensitive to the sawtooth. Fig. 7(b) gives the reconstructed density profiles (pre/post ST crash).
It indicates that the density profile at post-crash (in blue color) is less peaked than the profile at pre-crash (in red color), and the major changing of electron density occurs within the q=1 surface. The characteristic of the electron density profiles during the sawtooth is coincident with that observed in the J-TEXT tokamak [13] . In further, the subfigure in Fig. 7(b) indicates that the reversion radius of the electron density profile is at R ∼177 cm, which agrees well with the reversion radius deduced from the soft X-ray signals in Fig. 7(c) , where an offset of 4.0 µW is used for SX-13 for better display. Meanwhile, the reconstructed density profile is also validated by comparing with the reflectometry measurement. The result in Fig. 7(b) indicates a good agreement with a RMSE ∼ 3.8 × 10 11 /cm 3 . Here, the reflectometry data have a reasonable displacement (+1.4 cm), which is within the systematic error (0-1.5 cm). Fig. 8 gives another example of density profile reconstruction with electron cyclotron resonance heating (ECRH, P = 820 kW) and supersonic molecular beam injection (SMBI, 5 pulses). Fig. 8(a) represents the time evolution of the line-integrated densities measured by the four-chord HCOOH laser Fig.7 (a) Time evolution of the line-integrated electron densities measured by the HCOOH laser interferometer in the sawtooth discharge, (b) electron density profiles reconstructed by the PARK-matrix procedure at pre/post sawtooth crash, and the comparison between the calculation and the reflectometry measurement, (c) determination of the sawtooth reversion radius deduced from the soft X-ray signals Fig.8 (a) Time evolution of the line-integrated electron densities measured by the HCOOH laser interferometer, (b) time evolution of the peaking factor which is defined by neL4/neL1, (c) plasma current, (d) the reconstructed electron density profiles before and during the ECRH, (e) the reconstructed electron density profiles before and after the SMBI interferometer. We can observe that both ECRH and SMBI obviously influence the changing of the electron densities. The peaking factor (n e L4/n e L1) of the electron density in Fig. 8(b) shows that the ECRH degrades the plasma confinement in the L mode and leads to the decrease of the peaking factor. Fig. 8(e) provides the reconstructed electron density profiles before and during the ECRH (time: 492 ms, 530 ms, 560 ms). We can see that the electron density in the centre region decreases a lot and the density profile becomes flat at 560 ms, because of the plasma confinement degradation caused by the ECRH. SMBI is one of the effective fuelling tools in the magnetically confined plasmas. In Fig. 8(a) , we can observe that all the line-integrated densities increase by ∼ 0.2 × 10 14 /cm 2 at each SMBI pulse, but the peaking factor in Fig. 8(b) shows a fast drop and then recovers to the normal lever. Fig. 8(e) provides the reconstructed density profiles before and after the SMBI (time: 1040 ms, 1075 ms, 1105 ms, 1139 ms). When the line density of the outermost chord (Z=−24.5 cm) reaches the maximum value at 1075 ms, the electron density increases a lot in the outer region of plasma and the density profile becomes flat, in comparison with the profile at 1040 ms before SMBI. Then, the particles fast transport to the plasma centre, and the line-integrated density of the innermost chord (Z=−3.5 cm) reaches the maximum value at 1105 ms, followed by the distinct increase of the electron density in the centre region as big as ∼1.65 × 10 13 /cm 3 . Due to the limited confinement ability of the plasma, the distribution of the electron density gradually recovers to the normal level. In a word, the changing process of the electron density profiles during the ECRH and SMBI agrees well with the time evolution of the peaking factor given in Fig. 8(b) . Fig. 8(c) represents the plasma current.
Summary
In order to achieve accurate electron density profile from the line-integrated densities which are measured by the newly developed four-chord HCOOH laser interferometer, a new electron density profile reconstruction procedure based on the PARK-matrix method and the magnetic surfaces has been successfully exploited on HL-2A. Due to the special optical configuration of the HCOOH laser interferometer, the conventional PARK-matrix method is simplified in our procedure, without encountering the density deviation problem at the plasma centre. In order to test the influence of the reconstruction error by the chord number of interferometer, 8 and 4 interferometry chords are simulated and analyzed. It indicates that the electron density profile can be correctly reconstructed through 4 chords of interferometry measurements, with an acceptable RSME ∼ 1.5 × 10 11 /cm 3 . In the HL-2A PARK-matrix procedure, the magnetic surfaces provided by the CF code are divided into 80 slices, and the path-length matrix L can be accurately calculated from the geometric coordinates of the magnetic surfaces after a dense interpolation. The line density profile is firstly fitted by the least-square method, by taking advantage of the interferometry measurement (n e L1, 2, 3, 4) and the assumed edge condition n e L edge =0.
Based on the path-length matrix and line-integrated density profile, the electron densities are calculated layer by layer to determine the density profile n e (Z). Finally, n e (Z) can be further transformed into n e (R), according to the detailed path-length along the axis-R and the assumption that the electron density between two adjacent magnetic surfaces is a constant.
In the applications, the accuracy of the PARKmatrix procedure is verified through comparing the calculation with the microwave reflectometry measurement. The result indicates that both of them agree well in the intersection region. In the sawtooth case, the reversion location of the electron density profile is coincident with that deduce from the soft Xray signals. In addition, the electron density profiles with ECRH and SMBI are also reconstructed and analyzed.
